We have determined the nucleotide sequences of four termination sites recognized by Bacillns subtil is RNA polymerase. These sites are located in the terminally repeated segment of the bacteriophage SPO1 genome, where most early phage transcription occurs. The SPO1 terminators have structures that are similar to those recognized by Escherichia coli RNA polymerase, containing a region of dyad symmetry followed by a stretch of HMD residues in the noncoding DNA strand (HMU is substituted for T in SPO1 DNA). We note that in a terminator that is only 60% efficient j_n vitro, there is a greater distance between these two conserved elements than exists in more efficient terminators.
INTRODUCTION
We have been analyzing transcription unit organization in the virulent the bidirectional terminator is over 90% efficient, six partial termination sites, with efficiencies ranging from 10% to 60% in vitro, are found at various sites upstream of the bidirectional terminator.
We were interested to know the structure of the bidirectional terminator in greater detail, particularly whether it consisted of a single site or of two separate terminators. Furthermore, since the SPO1 terminal repeat contains a spectrum of terminators ranging in efficiency from 10% to over 90%, it provides an opportunity to ask if structure is related to efficiency. Accordingly, we have compared the sequences of the strong terminators T^ and T.I to that of TjJL, a 60% efficient terminator. While all of these sites are similar to terminators recognized by E. coli RNA polymerase in that they contain a region of hyphenated dyad symmetry and a T-stretch in the non-coding strand, the spacing between these two regions differs for partial and efficient terminators .
MATERIALS AND METHODS

A. DNA End-Labeling and Strand-Separat ion
Labeling at 5' ends was done as described previously (7) except that 32 carrier-free [y-P]-ATP was used (specific activity -9000 Ci/mmol, purchased from ICN, Irvine, CA).
Restriction fragments having protruding 5' ends were 3'-labeled by "fill-in" using the large proteolytic fragment (8, For the mapping at T,2 ( Fig. 9) . The first is the unusually large loop size.
With one exception, the 14-nucleotide loop at Tfl3 is at least twice as large as any found at other terminators (1). In spite of its abnormally large loop, the thermodynamic stability of T.,3 is comparable with those of the other SPO1 terminators (Fig. 9 ) and 1^3 is a highly efficient terminator in. vitro (7).
The second distinguishing characteristic of the seqnence around T 3 is that, n beginning 5 bases to the 3' side of the T stretch, a seven base pair sequence, AGTTGAG, is directly repeated (nucleotides 287-300 in Fig. 2 ). There is no precedent for believing that this repeated sequence plays a role in termination.
Nevertheless, it is curious that this structure should be located so close to the termination site.
The location of T,l was determined using AluI-164 (nucleotides 374-538, Fig. 2) as probe. Surprisingly, two .in vivo termination sites were detected, separated by 56 nucleotides (Fig. 4) . A typical termination sequence homology is found at each site (Figs. 2 and 4) . The site further to the right (closer to the Haell site) is named T L 1• . The distance between T L 1 and T L 1' is close to the size difference between two transcripts that were previously mapped to the region between P £ 9 and T,l (the 510-and 470-nucleotide transcripts described in ref. 7, see also Fig. 1) . We now conclude that both transcripts are initiated at Pg9: the 470-nucleotide RNA is terminated at T L 1• and the 510-nucleotide transcript at T L 1. We will describe further properties of T L 1' in a separate communication.
It has been observed by others (26, 27) that SI cleavage can sometimes occur within an RNA-DNA hybrid structure at tracts of rU:dA base pairs. Since rU:dA stretches of 5 bp (in T n 3 and T.I) and 7 out of 8 bp ( in T. 1') occur at n Li L, the sites that have been mapped as terminators, we must consider the possibility (Figs. 3 and 4) of SI cleavage at regions of rU:dA pairing in the interior of a hybrid, rather than at RNA 3' ends. However, as mentioned above, the analysis of in vitro transcription by RNA gel analysis (7) has already indicated that termination sites lie within the 550 nucleotides whose sequence is presented in Fig. 2 . Moreover, within the Alu 1-164 probe there is a 4-nucleotide T-stretch at nucleotides 429-432, as well as a 9-nucleotide stretch of A:T pairs at residues 412-420 (Fig. 2) . If transcripts which read through T1 were present one symmetry regions are underlined, major termination points are indicated by arrows. These were determined from the positions of the bands in lanes 1 and 2. The production of a series of bands in these two lanes most likely results from a combination of heterogeneous termination and "nibbling" by SI nuclease at the ends of RNA-DNA hybrid duplexes. Since the sequence of the coding strand (whose polarity is opposite to that of the message) is shown, there is a stretch of A residues at the termination site. might expect that the (rU:dA) tracts which would form at these sites might be susceptible to digestion by SI nuclease. However, no signal corresponding to either of these sites is observed (Fig. 4) . We therefore conclnde that leftward RNA 3' ends do not extend leftward of nucleotide 432 (Fig. 2) , which is only 8-9 ntds downstream of the 3' ends that we map at T 1. 6. Mapping in vitro RNA 3' t 12. HhaI/BstEII-282 (Fig. 5) , 3' labeled at the BstEII end, was incubated with RNA under R-loop conditions, treated with SI nuclease and subjected to electrophoresis in parallel with sequencing reaction products of the same fragment. Leftmost lane: 0.3 ug RNA purified from an in vitro transcription reaction in which full-length SP01 DNA was used as template. The base specificity of each sequencing reaction is indicated above the appropriate lane. Every tenth nucleotide is marked. This gel was cut into sections before autoradiography; several nucleotides were lost at the junction.
Tt1 represents the leftmost point of rightward transcription in
The bottom shows the sequence of the top (coding) strand in the region of T.2, reading 5' to 3' from left to right. Transcription of this region is from right to left. The region of dyad symmetry is underlined and the major points of termination are indicated by arrows (subject to the same uncertainty as discussed in the legend to Fig. 4 ).
-G 310 -A 320 3' 300 310 320 330 340 AAAOOCAAAAAGATCCCACQCTGTAAQCTAQCOTOGOOCTOTOTTATAAT within this region, at nucleotides 297-300 (Fig. 5) . However, the failure to obtain full-length protection with in vitro RNA, which is known to contain transcripts reading through 1,2 (7), suggests that SI nuclease cleaves within the rU:dA tract (nucleotides 297-301) that would be present in a hybrid duplex of readthroogh RNA. Since 12 has been defined as a partial terminator by in Li vitro transcription mapping (7), we conclude that the signal seen in Figure 6 is contributed both by transcripts whose 3' ends map at T¥2 and by transcripts Li which read through 12.
In vivo RNA yields a signal similar to that seen with in vitro RNA (i.e. a signal at ntds. 297-300 but no full length protection; data not shown). We have observed transcription initiation in vitro by E.gp28 in this region (unpublished data).
However
C. Pausing At 1^2
Termination at TL2 is only 60% efficient in vitro (7). To determine whether RNA polynerase molecules that elongate through T.2 pause there, we examined the time-course of ApG-prined transcription of Taql-ll, which selects for initiation at PglO (Fig. 7) . The ^-terminated. 1000-ntd transcript 
